SoIL SCIENCE
Copyright © 1977 by The Williams & Wilkins Co.

Vol. 124, No. 2
Printed in U.S.A.

EVAPOTRANSPIRATION AND SOIL WATER MOVEMENT BENEATH THE
ROOT ZONE OF IRRIGATED AND NONIRRIGATED MILLET (PANICUM
MILIACEUM)

D. C. REICOSKY, C. W. DOTY, anp R. B. CAMPBELL
ARS, USDA, Florence, South Carolina’

Received for publication April 28, 1976

ABSTRACT

We estimated a water balance for irrigated and nonirrigated millet grown in a
Varina sandy loam, which we harvested periodically during the 1970 growing season.
Evapotranspiration (ET) was calculated using the water balance equation; all ele-
ments, except the subsurface drainage, were measured directly. The subsurface
drainage was estimated, using the Darcy equation, to determine the net soil-water
flux into and out of the root zone. The ET calculated from the irrigated plots agreed
reasenably well with potential ET values computed using the combination equation.
Hydraulic gradient data in nonirrigated plots showed that water moved upward for
most of the season. During one drought, the upward flux accounted for about 34
percent of the calculated ET. Although the total amount of water moving upward was
small, it provided enough water for the crop to subsist until rainfall was adequate.

INTRODUCTION

The effect of crop-water use on deep drainage
or percolation is related to the evapotranspira-
tion (ET) rate and the soil depth. Rose and
Stern (1965) indicated that drainage below a
given depth is a function of the water content at
that depth. As ET increases without irrigation
or rainfall, the soil water content will rapidly
decrease until drainage becomes negligible.
. With frequent large irrigations, ET will affect
total soil water content little. Conversely, with
small, infrequent irrigations and large ET, less
water will be available for deep drainage.

Soil-water depletion under crop conditions is
often equated with ET, and the loss or gain of
water, due to flow into or out of the root zone, is
often considered negligible, an assumption that
may not be valid under field conditions (Miller
and Aarstad 1971). Wilcox (1960, 1962) recog-
nized that ET measured by the soil-water de-
pletion method contained an unknown quantity
of profile drainage. Rose and Stern (1965),
LaRue et al. (1968), and van Bavel et al. (1968a)
discussed the magnitude of deep profile water
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movement and the error involved when this
movement is not considered in plant-water use
studies.

Van Bavel et al. (1968a) found that when a
grain sorghum (Sorghum -vulgare Pers) de-
pleted water from the principal root zone. the
upward flux was as large as 0.4 cm/day at the
170-cm depth in a silty clay loam soil. The
magnitude of the upward flux into the root zone
will depend on the soil water potential gra-
dients. and soil hydraulic properties and cannot
be ignored as a source of water contributing to
the total ET from field-grown plants.

Stone et al. (1973a, 1973b) reported that the
upward flow of water in the soil began in the 15-
to 30-cm depth, 3 days after irrigation, and at
the 150-cm depth, 19 days after irrigation. The
upward flux into the root zone reached a maxi-
mum of 0.2 em/day near the end of a drought
period at the 150-cm depth. During the 31-day
study, ET depleted about 65 percent of the total
water and downward soil water flow from the
root zone about 35 percent. These data showed
the significance of the net soil water flux below
the root zone for determining ET rates using
the depletion methods.

Miller and Aarstad (1971) found that the
downward flux of water at the bottom of the
root zone decreased as ET increased. Under
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similar- environmental conditions, ET de-
creased drainage sufficiently to allow actual
available water to be estimated from conven-
tional field data. Their data showed that large
erros were probable in field measurements of
ET rates if deep drainage is ignored. In further
work Miller and Aarstad (1973) found that as
the ET rate increased, drainage after irrigation
decreased and the effective available water in-
creased: The increase in the effective available
water, due to the high ET rate, was greater in
the sand than in the finer-textured soils.

In many Southeastern Coastal Plains soils,
the surface layers are characterized by low wa-
ter-holding capacities because of their sandy
texture and other physical properties. In this
semihumid region, annual rainfall is normally
adequate but poorly distributed, so soils become
very droughty a few days after rainfall. We
conducted this study to evaluate the contribu-
tion of the subsurface drainage component to

the ET of irrigation and nonirrigated millet

(Panicum miliaceum).

MATERIALS AND METHODS

The experimental design consisted:of irri-
gated (nonstressed) and nonirrigated (stressed)
treatments replicated four times. Pear] millet
(var. Millex-22) was planted in 51-cm rows in
plots (6.1 m wide by 8.5 m long). The soil was
Varina sandy loam (Typic Paleudult) with less
than a 1 percent slope near Florence, South
Carolina. The initial fertilization rate was 1064
kg/ha of 10-10-10 fertilizer surface-incorporated
by disking. Seedbed preparation ‘and planting
were completed on May 8, 1970. Subsequent
application of 784 kg/ha of 15-0-15 was hand-
applied after each harvest, which resulted in a
total amount of 799 kg/ha of N, 46 kg/ha of P,
and 641 kg/ha of K.

- Irrigation was applied when the average ma-
tric potential at the 30-cm depth was 0.4 bar.
A total of 38 cm of water was applied in 11
irrigations to the irrigated treatment. All irri-
gation water was measured volumetrically and
applied in furrows with closed ends. Irrigation
consisted of 2.5 cm of water applied in 20 min
and generally infiltrated in 3 to 4 h. The distri-
bution of water was constantly observed and
dikes built as necessary to insure uniform dis-
tribution in the furrows. After infiltration was
completed the dikes were removed to permit
runoff from rainfall. A dry period without any

significant rainfall for 32 days, starting on 12
June and ending on 14 July 1970 (harvest pe-
riods 2 and 3), caused a drought that provided
an opportunity to study the effects of soil water
stress on the growth of stressed and nonstressed
millet.

Soil matric potential was monitored with ten-
siometers, soil moisture blocks, and gravime-
tric sampling throughout the experiment. Ten-
siometers attached to mercury manometers

. were installed at 15-, 30-, and 45-cm depths in

all plots and additional tensiometers were in-
stalled at 61-, 91-, and 122-cm depths in two
replications. The tensiometers were usually
read between 0800 and 1000 h (EDT).

Pan evaporation and rainfall were measured
about 350 m from the field site. Total and net
radiation, wind speed, air, dew point, and soil
temperature at the experimental site were re-
corded and used to calculate potential ET, us-
ing the combination equation (van Bavel 1966).
Since the wind function in the original Penman
equation (Penman 1962) does not adequately
account for differences in the surface rough-
ness, the wind function, as suggested by Busin-
ger (1956), was incorporated into the caleula-
tion of the potential ET. The roughness coeffi-
cient, Z,, was chosen as 1.0 cm, based on the
data of Tanner and Pelton (1960).

The millet was harvested when the plants
within any treatment reached an average
height of 76 cm. At each harvest, the four cen-
ter rows of the 12-row plots were sampled for
the vegetative yield. Total fresh weight was
determined at the plot, with subsamples taken
and oven-dried, and total fresh weight con-
verted to dry matter yields.

We calculated ET using the water balance
equation as follows:

P+I-R=ET+=AS +D

where P = precipitation, I = irrigation, R =
runoff, ET = evapotranspiration, AS = the
change in storage, and D = the subsurface
drainage component, in centimeters of water.
We determined P, I, and R by direct measure-
ment; AS by gravimetric sampling and by infer-
ence from the tensiometer readings and the
moisture desorption curves. Subsurface drain-
age, D, was determined by the Darcy equation.

The method of Rose et al. (1965) was used to
determine the unsaturated hydraulic conduc-
tivity as a function of water content in the field.
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Briefly the method involves measuring the
¢hange in soil water content and the vertical
hydraulic gradient across the depth increment
- of interest. The method implicitly assumes that
the change in water content (when no plant
roots are present) is a result of flow out of the
volume element. Using this assumption and
the hydraulic gradient data, the hydraulic con-
ductivity is calculated from the Darcy equation.
To evaluate the hydraulic conductivity-water
content relation, a plastic-covered plot (3 X 3
m) was surrounded with twin dikes with the
water level between the dikes maintained at
the same level as the water on the plot to
minimize border effects. The plot was instru-
mented with duplicate sets of eight tensiome-
‘ters at the 15-, 30-, 46-, 61-, 91-, 122-, and 152-cm
depths. The change in soil water storage was
measured from the difference in water content
between consecutive water-content profiles.
The hydraulic gradient was the time-averaged
value at the 107-cm depth over the range of
hydraulic conductivity and matric potential en-
countered under field conditions. Data from the
plastic-covered plot were used to calculate the
hydraulic- conductivity, assuming negligible
soil evaporation.
The hydraulic gradient in the field plots was
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determined from the tensiometer readings be-
tween the 91- and 122-cm depths (or 107-cm
mean depth which we determined from field
observation as the depth below the root zone of
millet). Soil water flux was plotted as a func-
tion of time, and the area between the curve
and the zero line measured with a planimeter
to estimate the total water moving into or out of
the root zone during a given harvest. When D is
positive, water is moving downward out of the
root zone.

RESULTS AND DISCUSSION

The rainfall and irrigation data are summa--
rized in Fig. 1 for the 1970 growing season. The
limited rainfall in May, June, and the first part
of July caused an extremely dry period that
decreased - millet growth. However, rainfall
from the latter part of July to the end of the
growing season was more than adequate for
millet growth. The water table was 2.5 m below
the surface on May 1 and gradually dropped to
4.0 m at mid-July. Daily irrigation amounts
applied during the drought ranged from 2.5 to
5.1 cm.

Desorption curves for the Varina sandy loam
are shown in Fig. 2. The volumetric water con-
tent is plotted as a function of matric potential
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Fic. 1. Summary of rainfall and irrigation for the 1970 crop year.
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from —90.01 to —15 bars. The desorption curve
for the. A, layer shows the water content rapidly
decreased when the matric potential was be-
tween —0.08 and —0.2 bar and then decreased
less rapidly to —15 bars. The water content of
the B, and B, layers (30- and 60-cm depths)
more gradually decreased down to about —0.2
bar and then decreased very little with a de-
crease in matric potential to —15 bars. The
shape of the desorption curves reflects - the
" sandy clay loam texture of the subsoil. Since
the desorption curve for the A, horizon in this
soil was nearly the same as that for the A,
horizon, it is not shown.

The hydraulic conductivity-water content re-
lationship in the subsoil is summarized in Fig.
3. The hydraulic conductivity values ranged
from 5 cm/day at a water content of 0.37-cm?/
cm? to 2 x 1072 em/day at a water content of 0.30
em?/em?®. - The line drawn through the data
points was fitted to the data by regression anal-
ysis and extrapolated to lower water contents.

The soil-water flux data calculated at the
107-cm depth are plotted as a function of time in
Fig. 4. Early in the growing season, the soil
water flux in both the nonstressed and stressed
treatments deereased rapidly to near zero. In
early June, due to the drought, the stressed
plots had an upward flux that remained until
September when adequate rainfall replenished
storage, after which the soil water flux became
positive. The nonstressed treatment showed es-
sentially the same trend but the values of the
soil water flux - were negative only for a short
time in July when water demand of the plants
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Fig..4. Soil water flux at the 107-cm depth vs.
time for the stressed and nonstressed treatments.

was extremely high. Most of the season, the soil

water flux in the irrigated treatment was posi-

tive resulting in a net downward flow.
Estimates of the net soil water movement
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into or out of the soil zone are summarized in
Table 1 for each period between harvests. The
data indicated that as much as 3.1 cm of water
was lost from the root zone during a given
harvest, and as much as 2.3 cm was gained. The
net upward soil flux was largest during the
third harvest period when there was a drought.
Even after some rainfall druing the fourth and
fifth harvest periods, the hydraulic gradient at
the 107-cm depth was still negative. The small
amount of rainfall and its distribution caused
considerable surface evaporation and did not
completely recharge the profile until late in the
season.

Figure 5 shows the water content profiles for
selected times- during the drought. The data
show the progressive drying of the profile as the
drought extended into the third and fourthhar-
vests. Desorption data indicated that the ma-
tric potentials in the upper portion of the
stressed profile were near —15 bars during the
drought. The soil water storage with time is
summarized in Fig. 6 for the nonstressed and
the stressed treatments. The total storage
ranged from 25 to 37 cm of water throughout
the season. Irrigation effectively maintained a
high level of stored water throughout the grow-
ing season. .

The ET, potential ET, and pan evaporation
are also summarized in Table 1. Generally, ET
from the stressed plots was less than pan evapo-
ration during the first three harvests. The ET
values for the nonstressed plots varied some-
what, but were much closer to pan evaporation
and potential ET than were those for the
stressed plots during the drought. Later in the
growing season, the ET values varied consider-
ably, because of the variability in the subsur-

face drainage and in the soil water storage
components of the water balance equation.
Even though there were probably some experi-
mental errors in the data in this type of analy-
sis, the data were reasonable for the two differ-
ent field water regimes.

The net soil water movement, estimated from
the upward and downward flux at the 107-cm
depth, indicated considerable upward flow into
the root zone. Comparing the magnitude of the
subsurface drainage component with other
components of the water balance equation, the
upward flux contributed as much as 34 percent
of that water lost by ET for the stressed plots
when there was no rainfall. Although the sub-
surface drainage component contributed signif-
icantly to the total ET under the stressed treat-
ment, the subsurface drainage component was
relatively small as compared with the ET of the
nonstressed treatment. The results indicated
that- while water was inadequate under
stressed conditions for optimum crop growth,
the amount of water that moved into the root
zone from below was significant and enabled
the plant to subsist until rainfall was adequate.

Irrigation increased the vegetative yield of
millet during the drought but had essentially
little beneficial effect from the fourth harvest to
the end of the growing season.

Figure 7 shows the relationship between cu-
mulative vegetative yield and comulative ET.
The relationship between the yield and ET was
linear for the nonstressed and stressed treat-
ments which agreed with results of Hanks et al.
(1969) for millet. The slopes of the regression
lines for the irrigated and stressed treatments
were almost the same, although the stressed
curve began at a much lower value. Transpira-

TABLE 1

Net sotl water gain (or loss), evapotranspiration, pan evaporation, and potential evapotranspiration for seven
haruvest pertods*

S 4 ' Stressed Nonstressed P Potential
s tarting date- an evapora- Potential evapo-
Harvest period 1970 Net gain Evap;)gg:spir- Net gain Evap;)‘g;rlmspir- tion trangpiration
1 May 8 +3.08 1.61 +1.54 - 10.80 14.86 12.59
2 June 11 -0.12 5.99 +0.26 9.41 9.88 7.77
3 June 24 =231 6.89 +0.43 15.11 16.23 12.74
4 July 15 -2.10 5.40 -0.35 9.21 8.48 7.77
5 July 29 -1.95 9.16 +0.45 7.95 8.56 6.57
6 Aug. 13 -1.10 7.29 +0.44 3.35 10.11 9.66
7 Sept. 3 +1.44 5.36 +0.05 11.62 14.78 13.25

! A positive sigh in columns 3 and 5 indicates movement out of the root zone.
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tion ratios calculated from these data were 215
for the nonstressed and 193 for the stressed
treatments. These results suggest that the
stressed treatment was slightly more efficient
than the nonstressed treatment in utilizing wa-
ter. Possibly surface evaporation in the non-
stressed treatment exceeded that of the stressed
treatment. Also, transpiration of stressed
plants may have been reduced more than
growth was reduced.

The maximum upward soil water ﬂux for the
stressed treatments was about —0.15 cm/day
(25 percent of potential ET). On a daily basis
this magnitude is relatively small, but when
considered over a large portion of the growing
season, it can account for a considerable
amount of water. Even though the cumulative
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upward flux was small as compared with the
total ET for the nonstressed treatments, it was
sufficient to enable the plants to subsist at a
decreased growth rate during the drought.

The ET values estimated from the water bal-
ance equation were usually near those for po-
tential ET for the nonstressed plots during the
early part of the season. In the stressed plots,
ET was considerably lower during the same
period. During the latter part of the growing
season the variation in ET between the non-
stressed and stressed treatments was quite
large. The data show the influence of irrigation
on vegetative yield of millet and the depressing
effect of drought.

These results generally agreed with those of
LaRue et al. (1968) and van Bavel et al. (1968a
and b) who demonstrated upward flow can pro-
vide a significant amount of water, even with-
out a water table. The data show some water
loss from the root zone of nonstressed crops and
that to accurately assess water use with the
water-balance method the soil water flux out of
or into the root zone must be considered.

REFERENCES

Brust K. J., C. H. M. van Bavel, and G. B. Stirk.
1968. Hydrauhc properties of a clay loam soil
and the field measurement of water uptake by
roots: IIl. Comparison of field and laboratory
data on retention and of measured and calcu-
lated eonductivities. Soil Sc1 Soc. Am. Proc. 32:
322-326.

Businger, J. A. 1956. Some remarks on Penman’s
equations for evapotranspiration. Neth. J.
Agric. Sci. 4: 77-80.



EVAPOTRANSPIRATION AND WATER MOVEMENT

- Hanks, R. J., H. R. Gardner, and R. L. Florian.
1969. Plant growth-evapotranspiration rela-
tions for several crops in the Central Great
Plains. Agron. J. 61: 30-34.

LaRue, M. E., D. R. Nielsen, and R, ‘M. Hagan.

- 1968. Soil water flux below a ryegrass root zone.
Agron. J. 60: 625-629:

Miller, D. E. and J. S. Aarstad. 1971. Effective
available water as related to evapotranspira-
tion rates and deep drainage. Soil Sci. Soc. Am.
Proc. 35: 131-134.

Miller, D. E. and J. S. Aarstad. 1973. Effective
available water and its relation to evapotran-
spiration rate, depth of wetting, and soil tex-
ture. Soil Sci. Soc. Am. Proc. 37: 763-766.

Penman, H. L. 1962. Natural evaporation from open
water, bare soil and grass. Proc. R. Soc. (Lon-
don) 193A: 120-145.

Rose, C. W. and W. R. Stern. 1965. The drainage
component of the water balance equation. Aust.
J. Soil Res. 3: 95-100.

Rose, C. W., W. R. Stern, and J. E. Drummond.
1965. Determination of hydraulic conductivity
as a function of depth and water content for soil
in situ. Aust. J. Soil Res. 3: 1-9.

Stone, L. R., M. L. Horton, and T. C. Olson. 1973a.
Water loss from an irrigated sorghum field: I.
Water flux within and below the root zone.
Agron. J. 65: 492-495.

101

Stone, L. R., M. L. Horton, and T. C. Olson. 1973b.
Water loss from an irrigated sorghum field. II.
Evapotranspiration and root extraction. Agron.

~J. 65: 495-497.

Tahfer; €. B *and’W. L. Pelton. 1960. Potential
evapotranspiration estimates by the approxi-
mate energy balance method of Penman. d.
Geophys. Res. 65: 3391-3413.

Van Bavel, C. H. M. 1966. Potential evaporation.
The combination concept and its experimental
verification. Water Resour. Res. 2: 455-467.

Van Bavel, C. H. M., K. J. Brust, and G. B. Stirk.
1968a. Hydraulic properties of a clay loam soil
and the field measurement of water uptake by
roots. II. The water balance of the root zone.
Soil Sei. Soc. Am. Proe. 32: 317-321.

Van Bavel, C. H. M., G. B. Stirk, and K. J. Brust.
1968b. Hydraulic properties of a clay leam soil
and the field measurement of water uptake by
roots: 1. Interpretation of water content and
pressure profiles. Soil Sci. Soc. Am. Proc. 32:
310-317.

Wilcox, J. C. 1960. Rate of soil drainage following an

irrigation. II. Effects on determination of rate of
consumptive use. Can. J. Seil Sci. 40: 15-27.

Wilcox, J. C. 1962. Rate of soil drainage following an
irrigation. IIl. A new concept of the upper limit
of available moisture. Can. J. Soil Sci. 42: 122
128.



